Many recent studies exploring conditional factor demand or factor substitution issues use firm level panel data. A considerable number of establishment panels contains no direct information on the capital input, necessary for production or cost function estimation. Incorrect measurement of capital leads to biased estimates and casts doubt on any inference on output elasticities or input substitution properties. The perpetual inventory approach, commonly used for long panels, is a method that attenuates these problems. In this paper a modified perpetual inventory approach is proposed. This method provides more reliable measures for capital input when short firm panels are used and no direct information on capital input is available. The empirical results based on a replication study of Addison et al. (2006) support the conclusion that modified perpetual inventory is superior to previous attempts in particular when fixed effects estimation techniques are used. The method thus makes a considerable number of recently established firm panels accessible to more sophisticated production function or factor demand analyses.
Introduction
In recent years new establishment panel surveys have been created. For Germany these are e.g. the establishment panel of the IAB, 1 the Mannheim Innovation Panel (both since 1993) and the Hannover Panel (since 1994). 2 Establishment panel data has the advantage to provide detailed micro data in a panel structure and thus is an excellent base for working on some of the most interesting questions in labor economics. Some of these questions are:
on productivity?
• What are direction and extent of the substitution relations between capital and (different kinds of) labor? • Is there any skill biased technological change?
To answer these questions the parameters of the firm's production or cost function (or of the derived factor demand function) have to be estimated. One requirement for estimating production or cost functions is the correct measurement of inputs. The major difficulty here is to measure capital input, because in many establishment panel data sets, e.g. in those mentioned above, direct information on capital stock is unavailable. Measurement errors in capital stock will lead to biased estimates and any inference based on such estimates could be misleading. This paper provides a method that, in comparison to previous studies, improves the approximation of capital stock substantially for the case that no direct information on capital stock is given and that the time-series dimension is short. Many researchers use the investment expenditures of firms to approximate the unknown capital stock, i.e. investment expenditures are inserted directly into the production or cost function. Depending on the data, a variety of specifications is used. It is common to apply all available information about total investments like van Reenen (1997) , only the replacements of the current year, see Bellmann and Schank (2000) or the sum of the last two years, see Addison et al. (2006) . All these attempts entail the implicit assumption that investment expenditures reflect the necessary depreciation. If this is given, they are proportional to the unknown capital stock and control for the capital effect when estimating production functions, cost functions or conditional factor demand functions. I call this approach the proportionality approach. The idea behind the proportionality approach is that depreciations are proportional to the capital stock, assuming a linear depreciation rate. Given that replacement investments are undertaken to replace depreciated capital, they are proportional to capital, too. Obviously, the proportionality assumption can only be fulfilled if replacement investments are used instead of total investments or net investments. In section 3 the problems that arise with the proportionality approach are investigated:
1. If the proportionality assumption hold, the approximated capital stock (the replacement investment expenditures) is proportional -with an unknown factor of proportionality -to the real capital stock. Adding net investments (reported in absolute value) to the replacement investments is not possible because this would destroy the proportionality. Thus information on net investments can not be used to approximate the capital stock. 2. The implicit assumption that replacements equal the unknown depreciation and are therefore proportional to the capital stock cannot be verified by data. Huge variations in the investment expenditures of a firm will lead to implausible variations in the (by assumption) proportional capital stock variable, e.g. zero investments in one year would cause a capital stock measure of zero for that year. This could cause measurement errors and a considerable attenuation bias.
To avoid these drawbacks a method is necessary that provides absolute values of capital stock and does not rely on the proportionality assumption of investments and capital stock. Perpetual inventory, i.e. continued adjustment of an inventory value by balancing step as the modification. First, the absolute value of capital stock is computed, using the proportionality approach and information about average economic lives of capital goods.
To provide a reliable alternative to the inventory value, these single capital stock values are than averaged to smooth variations caused by the investment expenditures they are based on. Second, traditional perpetual inventory is started from this average. To apply the new method only few information is necessary. This paper is organized as follows: in section 2 the results of recent studies that use direct information on capital stock are compared with the results of analyses lacking this information and applying the proportionality approach. In section 3 the substantial differences found in section 2 are traced back to the problems of the proportionality approach and as a solution the modified perpetual inventory approach is proposed. In the fourth part the necessary information and assumptions for implementation are sketched. The proposed method is used to replicate a recent paper that applied the proportionality approach and the results are compared in section 5. The main conclusions are summarized in the final section.
Literature
In this section the results of studies with direct information on capital stock are compared with studies lacking this information. The latter applied the proportionality approach. The idea is to take the results of studies with information on capital stock as a benchmark and to see whether the proportionality approach is able to produce similar results without the direct capital stock information. The central measure for comparison is the output elasticity with respect to capital ( Y,K ) because: this elasticity is a standard measure, it is reported in nearly any production function estimation and it is a capital related result that, conditional on the fact that the proportionality assumption is fulfilled, is estimated correct with the proportionality approach. In general, the analyzes without capital stock information listed in For all studies the fixed effects estimation results are lower than the OLS results. interpretation is that, as the variance in the capital variable is reduced in the within estimation, other misspecifications overwhelm the remaining signal in the data. Besides others, the lack of information on time-varying variables, e.g. on output prices or on capacity utilization for capital and labor, is a possible misspecification. Another interpretation is that an existing measurement error problem increases in the case of within estimation if the serial correlation in the measurement error is lower than the one in the true capital 
The modified perpetual inventory approach
This section starts with an inspection of the two major problems of the proportionality approach and concludes with the modified perpetual inventory approach as the solution to this problems.
Proportionality
A first drawback of working only with a proportional value is that information about the absolute value of the net investment cannot be taken into consideration. Adding them to the replacement investment expenditures would obviously destroy the assumed proportionality. The second is that if this proportional value is used to estimate cost-or production function parameters or e.g. to derive estimates from conditional factor demand functions, then the estimates for capital stock will be biased upwards. 6 Assuming linear depreciation, the unknown factor of proportionality with respect to the absolute value of capital stock is the average depreciation rate. This information is not given in many establishment data sets. One promising way to estimate it is to use industry level information. In this paper data from the German Federal Statistical Office (Destatis) is used. It provides the composition of each industry capital stock into structures and equipment 7 and data on the average economic lives of structures and equipment 8 (the reciprocal of the linear depreciation rate). Combining both by constructing the harmonic mean of the economic lives of structures and equipment gives the reciprocal of the average linear depreciation rate in a given industry:
with K for the capital stock, L for average economic life and DR for the depreciation rate. In order to combine industry data with establishment data one has to assume that every firm within an industry has an identical composition of capital stock (assumption 1) and thus the same average depreciation rate. For competitive industries this assumption organizations may not tend to fulfill assumption 1 and should be excluded from the sample.
Multiplying replacements with the reciprocal of the average depreciation rate gives the absolute value of the capital stock:
with IR for replacement investments, t as a time index and IN for net investments, whereas most former studies had to apply proportional values. 9 I call this the augmented proportionality approach.
Moving averages
In section 3.1 the problem of the unknown factor of proportionality is solved by using industry level data, but the approach so far is still similar to the proportionality approach. This is the case because equation 2 depends heavily on the assumption that the reported expenditures for replacement investments equal the unobserved depreciation. In other words: one has to assume that every firm completely replaces its depreciated capital every year (assumption 2). This is the major problem of the proportionality approach because if the assumption is not valid, the classical measurement error problem occurs estimates will be attenuated to zero. 11 Several studies, e.g. Caballero et al. (1995) , Doms and Dunne (1998) , Power (1998) or Nilsen and Schiantarelli (2003) clearly show that assumption 2 is very unlikely to hold at the establishment level. The authors claim that investments are lumpy and many firms report zero investments for certain years. A capital stock computed with the proportionality approach would be zero if investments are zero. In fact capital is a rather stable input for most firms. High variations in replacements are thus a clear sign that assumption 2 fails. Some authors recognize this problem and use the average or sum of some past investment vintages to smooth the volatility in a firm's investment expenditures. Using averages of investment vintages means that assumption 2 has to hold only on average, i.e. the sum of depreciations equals the sum of replacements in a period that is longer than one year.
Perpetual inventory
Clearly, the use of averages alone is not a satisfying solution to the measurement error problem. The measurement error problem is still present, maybe it is weakened. To overcome this general problem one has to drop assumption 2. One common capital stock 9 A similar approach can be found in Ornaghi (2006) . 10 One might argue that the classical measurement error logic, see e.g. Bound et al. (2001), is not applicable because of the potential endogeneity of capital in the true model. However, as I'm comparing capital approximation methods this potential problem touches all methods in the same way. 11 Whether violations of assumption 2 induce the measurement error is tested and discussed in section 5.
able in most establishment panel data sets. The central idea of this paper is to modify perpetual inventory in a way that makes it feasible for short panels. Perpetual inventory is an accounting method. Capital inflows (total investments) are balanced with capital outflows (depreciation, sales from capital stock)
The resulting difference is then added to the capital stock of the previous year
with D t as the expected depreciation of the capital stock at the beginning of the year, D IN t as the depreciation regarding to the net investments of the current year and K the capital stock at the end of the current year. Because perpetual inventory is a type of accounting rather than an approximation method it should lead to more reliable results. Because perpetual inventory always rests on the capital stock of the previous year, this is an endless chain and the fundamental problem is to find a starting value. One solution is to account for investment vintages over a long period of time and to evaluate the depreciation rate of every vintage. If one knows the depreciation rate one knows the amount of capital of a certain investment vintage that is left in the capital stock at a certain point in time.
This procedure is often not feasible if the unit of observation is the firm rather than the industry because if e.g. , the depreciation rate of a certain firm's capital stock is 0.04, one has to observe a firm over 25 years before only known investment vintages are left in the capital stock and thus the latter is computable. Most establishment panels cannot provide this data; first because only few firms are observed over 25 years (panel mortality, plant closure) and second because some panel data sets have been established only 10 or 15 years ago. One way to compute a starting value for perpetual inventory is proposed by Hall and Mairesse (1995) . Their initial assumptions are a constant depreciation rate DR firms and times and a growth rate g of investments that is constant over time and firms as well. The assumption of a constant depreciation rate allows rewriting equation 5:
The constant growth rate implies a deterministic relation between the investments of a certain firm over time and thus allows drawing the investment variable out of the sum. Equation 7 shows the final approximation proposed by Hall and Mairesse (1995) 
It follows directly from the deterministic relation between within firm investments over time that one can write the investment history in terms of current investments and its reduced to dividing current investment by a factor containing assumptions over investment properties. The proposal so far has the two obvious drawbacks that the combined factor (g + DR) is a guestimate and that all relies on the question whether current investments indeed mirror the firm's investment history. Modified perpetual inventory overcomes these problems by using the moving average of equation 2 as a starting value for the perpetual inventory procedure. Equation 2 is based on different depreciation rates for every industry and year and the moving average increases the chance for the investments to equal depreciations (i.e. to mirror the firm's investment history). 12 Further, the distinction between net investments and replacements allows for taking into account an increase in capacity that may occur in the period under consideration. 13 In other words, modified perpetual inventory uses an improved proportionality approach to derive the starting value and applies classical perpetual inventory to compute the capital stocks of subsequent years.
Implementation of modified perpetual inventory
In general, information on the amount of replacements and net investments at the firm level, the composition of capital stock at the industry level and the knowledge about the average depreciation rate of capital structures and equipments are necessary to apply modified perpetual inventory. After an average depreciation rate at the industry level is computed, see section 3.1, one has to know to which industry a certain firm belongs. To assign the industry level information to the single firm of this industry assumption 1 is necessary. This information is sufficient to compute the absolute value for every firm's capital stock in a given year.
To construct moving averages as described in section 3.2 no further information is necessary. The crucial point here is to determine a reasonable number of periods of support for the moving average. The more periods a panel contains the longer the moving average can be chosen. Recall that the simple moving average is only a starting point for perpetual inventory, i.e. the average is the first observation for capital stock. When increasing the number of periods of support for the moving average there is a tradeoff between loss of observations (the first years in the panel) and the intended degree of smoothing the single investment vintages used for the computation of the starting value. Table 2 shows the magnitude of smoothing when extending the number of periods of support for the starting value (SMA), computed from the IAB Establishment Panel. 14 SMAn is a simple moving average of the augmented proportionality approach (equation 2) with n years of support. From the table one can see that e.g. extending the period of support from two (SMA2) to three years (SMA3) causes a decrease in the within standard deviation by more than 50 percent. At the same time the number of observations for capital stock (applying modified perpetual inventory) decreased only from 11,175 to 11,114. 15 12 The importance of the latter difference is illustrated in table 2. 13 As described in section 4, disentangling net and replacements investment is necessary for the computation of firm specific depreciation rates, too. 14 For details on the establishment panel see http://betriebspanel.iab.de/. 15 The number of observations for capital stock can not be seen from the After choosing a particular SMA as a starting value for perpetual inventory, the latter is applied. The additional information necessary for it is every firm's depreciation. Information on the sales of capital goods would be useful, too. For my analysis the latter was not given and therefore has not been considered. The depreciation has to be computed for net investments and the capital stock at the beginning of the period, see equation (3). Using information on average economic lives of capital goods, the depreciation of net investments are easy to compute if their type (e.g. plants, buildings or IT) is known. Information on depreciation of the previous years' capital stock are more difficult to get. I computed it by multiplying previous years' capital stock by its average depreciation rate, again assuming a linear depreciation rate. Clearly, this depreciation rate has to be found before. For the first year of perpetual inventory the depreciation rate of a firm equals that of the industry level by assumption 1. From the second year on it is a weighted average of the depreciation rate of the capital stock at the beginning of the previous year and the depreciation rate of previous year's net investment. 16
Empirical application
Section 3 showed why the method presented in this paper is superior to previous attempts from a theoretical point of view. Now the plausibility of the method is examined empirically. Therefore in this section the modified perpetual inventory is applied in a replication study of Addison et al. (2006) .
Replication estimation
The original paper uses the IAB Establishment Panel to examine whether the presence of a works council influences the firm's productivity and the works council effect is controlled capital input will be approximated using the modified perpetual inventory approach. The aim of the replication study is to compare the estimated coefficients of the capital related variables using both approaches. The central criteria for comparison are the elasticity of output with respect to capital and the statistical significance of the capital regressors. The two different capital stock approximation methods lead to different samples. To compare the methods directly, only observations that appear in both samples are used for estimation. 17 Following Addison et al. (2006) a translog production function with total sales (Y), inputs labor (N) and capital (K) and a vector of other explanatory variables (Z) is used:
and the elasticity of output with respect to capital is computed as follows:
The estimation results are reported in Addison et al. 's (2006) capital stock approximation is also near zero while modified perpetual inventory gives an Y,K of 0.110 using exactly the same observations. 18 Mairesse and Jaumandreu (2005) estimated a production function with firm level data and information on book values of capital stock. They estimated output elasticities between 0.06 and 0.11; results that are very similar to the results I found with the modified perpetual inventory approach. Taking the studies with information on capital stock as a benchmark (see table 1), the empirical results of the replication study are more plausible than the results of Addison et al. (2006) . This supports the new method applied in this study. Although not in the focus of this study the impact of the new method on the other parameters is interesting as well. Many studies attempted to estimate productivity effects of works councils within a production function context. Many of them did not control for capital 17 I am especially grateful to Thorsten Schank for providing the ID's of the firms that used for estimation. 18 The elasticities are estimated at sample means. The sample mean of labor is 354 employees. Addison et al. (2006) capital stock approximation method gives a sample mean of 5.3 million German Mark for capital, with modified perpetual inventory this amounts to 149 million. Note that, as described in section 3.1, the difference in the means reflects the fact that the modified perpetual inventory approach provides absolute values for capital stock while the proportionality approach leads to proportional values, only. stock at all, some applied the proportionality approach (see e.g. Wagner et al. (2006) ). Because of this (potentially) inappropriate capital control the authors had to interpret their works council parameter with the reservation that capital does not play a role.
Regression Method
From the results in table 3 I conclude that at least for the particular data set and the applied estimators of my study the conclusions drawn from the works council parameter have not to be changed when using the new capital stock approximation method instead of the proportionality approach. Obviously neither the council dummy nor other control variables picked up an observable part of the influence of the capital stock on consequence, a decrease in the attenuation bias.
Interpretation and robustness
When comparing the proportionality approach with modified perpetual inventory one is interested in isolating the reasons behind the different results of the original and the replication estimation. There are three differences in the methods that could explain the different results:
1. information on net investments are exclusively used in the replication study, 2. in the replication study a three years moving average is applied while only two years are used in the original study and 3. the drop of assumption 2, what is equivalent to the transition from a proportionality approach to a (modified) perpetual inventory approach.
The first two issues could be handled within a proportionality framework, too. If they explain the difference in the results no modified perpetual inventory approach is necessary. The third point characterizes the methodological innovation in this paper. Only if the transition to perpetual inventory explains a substantial part of the improvement in the results the new method is an improvement, too. To isolate the effect of the third point, one has to compare the results of the modified perpetual inventory approach with the results of a method that differs only in this point from modified perpetual inventory. For these purposes the proportionality approach is augmented in way that it uses information on net investments (point 1) and the same number of supporting years for the moving average as the modified perpetual inventory approach (point 2). The estimation is repeated with this augmented proportionality approach (SMA) and modified perpetual inventory (MPI) to compare the results. To additionally check the robustness of the difference in the results, both methods are varied in the number of supporting years for the moving average. As a result I compare three approximation methods: first, modified perpetual inventory based on a three year moving average (MPI3) compared to the augmented proportionality approach based on a three years moving average (SMA3), second, MPI2 versus SMA2 and third, MPI1 versus SMA1. If the results of MPIn are always superior to the corresponding results of SMAn, the transition to perpetual inventory explains the different results. Table 4 shows the estimated Y,K for different capital stock approximation and estimation methods. MPIn is the modified perpetual inventory approach with a starting value that is computed from a moving average of length n (MPI3 is thus the method applied to compute the capital value for the replication study discussed above). SMAn is a simple moving average of K t (the augmented proportionality approach from equation 2) with length n. Recall that the SMA are in absolute value and use information about net investments and that the switch to perpetual inventory done in the MPIn but not done in the SMAn is therefore the only difference. The four cells are numbered to ease discussion. The switch to perpetual inventory can be seen when going from the right column to the left. Little difference exists between cells IV and III, while the major contribution of modified perpetual inventory can be seen when cell II is compared to cell I. Due to the setting one can conclude that the transition to perpetual inventory is the only reason for the improved results in fixed effects estimation. 19 What is the econometrical explanation for the improvement? The transition to perpetual inventory causes the drop of the proportionality assumption. The proportionality assumption is expected to cause substantial measurement errors (see section 3.2). Thus, to renounce the proportionality assumption reduces the measurement error and this explains the improved results. Further, from the table it can been seen that pooled OLS estimates (cells III and IV) are generally higher than the fixed effects estimates, supporting the findings in the replication study. 20 applying the fixed effects estimator instead, the decrease in Y,K is higher for the SMA approximation. 21 One last question to discuss is why the difference in the results of modified perpetual inventory and the augmented proportionality approach nearly completely vanishes in the OLS estimation case. The OLS estimator considers the within and the between dimension of the data. We have seen above that modified perpetual inventory is superior to the augmented proportionality approach in the within dimension. What could cause the noise in the between dimension that offsets the better approximation in the within firm dimension? To explain this I have to go back to the creation of the starting values for perpetual inventory. The starting value consists of an average of capital stock values that is computed with the augmented proportionality approach, i.e. averages of equation 2. Keeping in mind the problems of the proportionality approach one has to expect measurement errors in the starting value, too. Given this fact, perpetual inventory starts from an inac-19 It can be tested whether two elasticities derived with different capital stock approximation methods differ significantly. Bootstrapping techniques give a mean and a standard error for the difference between two elasticities. Whether this difference significantly differs from zero can be tested with a simple t --test. See e.g. Cameron/Trivedi (2005) , chapter 11. 20 The improvements induced by modified perpetual inventory increase with the volatility of the investment expenditures within firms. Therefore, the gains from this method may vary with the data used. However, the general patterns in table 4 are expected to persist, i.e. the difference between the columns remains as long as modified perpetual inventory decreases measurement errors and the difference between the rows remains as long as the between dimension of the data adds reliable information.
error on account of the shortness of the panels under consideration. The consequence is a noisy measure of the level of capital stocks of different firms, inducing noise to the between dimension of the OLS estimation. However, due to the fact that modified perpetual inventory is based on a three years average it is expected to compute more reliable starting values than the method proposed by Hall and Mairesse (1995) that is discussed in section 3.3. In opposition to modified perpetual inventory, the proportionality approach uses moving averages of investment vintages. Hence there is hope that an error in one year is followed by an error in the opposite direction, i.e. the errors are not persistent but random. Therefore, on average, the level of capital stock can be expected to have the correct magnitude. Thus, the between firm information derived with the proportionality approach is expected to be more correct. To sum up: the proportionality approach causes a measurement error problem. For the within dimension of the data the measurement error problem can be alleviated via the switch to perpetual inventory. Considering the between and the within dimension, i.e. the OLS case, the advantage of modified perpetual inventory decreases.
Summary
A more accurate method for firm level capital stock approximation is proposed for establishment panel data sets that contain only short investment time series and no direct information on capital stock. The utility of the new method is twofold; results of existing studies can be reviewed critically and a lot of rich establishment panel data sets become accessible to more sophisticated production function and factor demand analyses. In former studies and for short establishment panel data sets, often the firms' investments were used to approximate their capital stock, i.e. the proportionality approach. In this paper it is shown that the proportionality approach relies on the assumption that observed replacements equal unobserved depreciations. This assumption has to be rejected given highly volatile investment expenditures and reported zero investments. Violations of this assumption indicate the presence of the classical measurement error problem. Modified perpetual inventory augments the proportionality approach to compute a starting value that allows one to perform traditional perpetual inventory, an accounting method that is not based on the doubtful assumption of investments equaling depreciations and that therefore is expected to yield more reliable results. In a replication study, the modified perpetual inventory approach yields significant and plausible coefficients for the capital regressors and the output elasticity with respect to capital input. Applying the old method to the same observations gives insignificant estimates and a zero output elasticity with respect to capital.
